All relevant data are within the paper.

Introduction {#sec001}
============

The water soluble β-glucan from cereals, such as oat and barley, is a linear β-1,3 and β-1,4 linked polysaccharide formed solely of β-D-glucopyranosyl units. Several health effects of mixed-linkage β-glucan, acting as dietary fibre, have been approved by both, the U.S. Food and Drug Administration (FDA) \[[@pone.0172034.ref001],[@pone.0172034.ref002]\] and the scientific panel of the EU (European Food Safety Authority (EFSA)) \[[@pone.0172034.ref003],[@pone.0172034.ref004]\], including the reduction of serum cholesterol in the blood as well as reduced glycaemic and insulin responses \[[@pone.0172034.ref004]\]. Therefore, β-glucan is considered to be a functional and bioactive food ingredient which can reduce the risk of a number of chronic diseases with increased daily intake. Whilst these claims have been accepted, there is no understanding of the mechanism of action of β-glucan or potential ways to improve these health benefits in food for health purposes.

Some of the functional properties are believed to have their origin in the dissolution behaviour, particularly their capability of forming viscous solutions in the gut \[[@pone.0172034.ref005]\]. Self-association and formation of aggregates may additionally increase viscosity \[[@pone.0172034.ref006]--[@pone.0172034.ref009]\]. Previous observations showed a considerable variety in molar mass (M) and distribution of β-1,3 and β-1,4 linkages in β-glucan structure originating from different cereal origin \[[@pone.0172034.ref010]\]. Indeed, the high M and polydispersity of cereal β-glucan, indicating a presence of aggregates of the polysaccharides, makes their characterization challenging.

An interesting aspect with regard to the structural properties of β-glucan is the possible presence of β-glucan chains covalently bound to proteinaceous moieties as suggested previously \[[@pone.0172034.ref011],[@pone.0172034.ref012]\]. These protein/ β-glucan links may play an important role as the presence of such moieties could influence the molecular interactions, solubility and aggregation behavior of the β-glucan. It has been reported that the addition of proteases to viscous oat flour slurries cause a decrease in viscosity indicating a relationship between protein content and viscosity \[[@pone.0172034.ref013]\]. Furthermore, Vårum & Smidsrød \[[@pone.0172034.ref014]\] found amino acid residues to be present in oat β-glucan preparations. Acker, Diemair & Samhammer \[[@pone.0172034.ref015]\] suggested that the presence of phosphate residues attached to oat β-glucan implied the presence of covalently bound proteins to the polysaccharide molecule. Therefore, the presence or absence of such moieties may explain the diversity of data on β-glucan functionality \[[@pone.0172034.ref011],[@pone.0172034.ref016],[@pone.0172034.ref017]\]. Furthermore, this could also influence M and viscosity of β-glucan preparations and might in turn lower low density lipoprotein (LDL) cholesterol values by forming viscous slurries in the gut \[[@pone.0172034.ref005]\]. These authors also showed, that high M β-glucan decreases LDL cholesterol in the blood more drastically then lower M β-glucan.

Although high proportions of β-glucan present in oat and barley is considered to be water soluble, there are still major problems with the extraction of β-glucan. Low yield, low purity and polysaccharide de-polymerization are common challenges. Under moderate conditions, e.g. water extraction at low temperatures, not all the β-glucan present is extracted, resulting in low yields. As discussed in detail by Webster & Woods \[[@pone.0172034.ref012]\], temperature, pH and choice of solvent may increase the yield of the β-glucan extraction. Similarly, increased yields can be obtained by using alkali solutions and increased temperature \[[@pone.0172034.ref018],[@pone.0172034.ref019]\]. On the other hand, harsh extraction methods used for production of commercial production of mixed-linkage β-glucan can influence the structure and nature of the polysaccharide, for example, the ability to form aggregates \[[@pone.0172034.ref020]\], and such alterations in structure and properties may influence their possible health benefits. Therefore, it is of great interest to develop a methodology that would minimize the detrimental effects of extraction conditions on the β-glucan structure.

The main characterization method used in this study was asymmetric flow field-flow fractionation (AF4), a separation method especially well-suited for large and polydisperse polysaccharides owing to its broad separation range and gentle conditions. AF4 has, in recent years, been proven to be a valuable method for separation and characterization of food-related macromolecules \[[@pone.0172034.ref021]\] and colloidal structures \[[@pone.0172034.ref022]\]. The suitability of this method for the study of e.g. β-glucan and polysaccharides in beer \[[@pone.0172034.ref023]\] and cereal β-glucan macromolecules and aggregates has been described previously \[[@pone.0172034.ref006],[@pone.0172034.ref024],[@pone.0172034.ref025]\]. However, the methodology used in the present study had previously only been used for the study of cereal β-glucan standards \[[@pone.0172034.ref024],[@pone.0172034.ref025]\]. The method described is considered to be gentle due to the relatively low shear forces to which the sample is exposed in the separation channel \[[@pone.0172034.ref022]\]. Separation is achieved by a longitudinal transport flow and a perpendicular field (cross-flow), which transports the analytes towards an accumulation wall in the AF4 separation channel \[[@pone.0172034.ref026]\]. As smaller particles have a higher rate of diffusion than larger ones, those will, at steady state, have a longer average distance from the accumulation wall. After this so-called relaxation step, elution commences and a longitudinal flow (showing a laminar flow profile due to the narrow channel height and relatively low flow rates) transports the analytes to the channel outlet. The smaller analytes with, on average, a longer distance from the accumulation wall will elute earlier due to the higher flow velocities experienced by analytes further from the accumulation wall. The larger analytes, being on average closer to the accumulation wall, will experience a lower flow velocity and will, thus, elute later. Hence, this results in size separation in what is referred to as Brownian mode separation.

The present study describes an extraction procedure for analysis of non-modified β-glucan from oat and barley. Mixed-linkage β-glucan was extracted from oat and barley flour of relatively high purity, considering the conditions of the method applied. The aim of the extraction method used, was to preserve the native properties of the β-glucan polymer such as possible aggregates or protein/ β-glucan links. No proteases were used during the extraction procedure in order to maintain any possible proteinaceous moieties. Polysaccharide analysis by carbohydrate gel electrophoresis (PACE) and high-performance anion-exchange chromatography (HPAEC) analysis of monosaccharide sugar composition were used to assess the purity of the β-glucan extracts. β-Glucan extracts were characterized using AF4 with multiangle light scattering (MALS) and differential refractive index (dRI) detection. Additional AF4 experiments were performed using in-line post-channel Calcofluor labelling for semi-quantitative fluorescence (FL) detection of β-glucan in the extracts. AF4-MALS-FL was also used for determination of the presence of proteinaceous moieties by pre-separation fluorescent labelling of peptide bonds.

Materials and methods {#sec002}
=====================

Substances and chemicals {#sec003}
------------------------

Oat flour was from Oatwell CreaNutrition with a β-glucan content of 28% (w/w) (Swedish Oat Fiber AB, Väröbacka, Sweden). Barley flour was from Culinar ß-Fibre flour with a β-glucan content of 24% (w/w) (Culinar, Fjälkinge, Sweden). Both flours were rich in proteins and did not undergo any harsh treatment during production and therefore their structure was not substantially affected prior to these experiments. The acetone (technical grade) and ethanol (absolute grade) used during the extraction were purchased from VWR Chemicals, Fontenay sous Bois, France. The heat-stable α-amylase (from *Aspergillus oryzae*, \~30 U/ mg) was purchased from Sigma Aldrich, Darmstadt, Germany. For the preparation of the AF4 carrier liquid NaNO~3~ (Merck, Darmstadt, Germany) and NaN~3~ (BDH, Poole, UK) were used. Chemicals for fluorescence labelling were the following: Calcofluor fluorescent brightener 28 and EDAC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) hydrochloride (Sigma Aldrich, Darmstadt, Germany), 7-methoxycoumarin-3-carboxylic acid (Invitrogen Molecular Probes, Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA), tris(hydroxymethyl)-aminomethane (ICN Biomedicals Inc., Irvine, California, USA) and DMSO (Sigma Aldrich, Darmstadt, Germany). For enzymatic digestion prior to PACE, xylanase 11 or lichenase, were purchased from Prozomix Ltd., Haltwhistle, UK. The fluorophore ANTS (8-aminonaphtalene-1,3,6-trisulphonic acid) was purchased from Invitrogen Molecular Probes, Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA. All other chemicals came from Sigma Aldrich, Darmstadt, Germany. Xylooligosaccharides (Xyl)~1--6~ were from Megazyme International Ltd., Bray, Co. Wicklow, Ireland. All experiments were performed using Milli-Q water (18.2 MΩ) from a Milli-Q system (Millipore Corp., Billerica, Massachusetts, USA).

Extraction of β-glucan {#sec004}
----------------------

In order to avoid proteases and harsh conditions, such as elevated pressure and alkaline treatments, the following procedure was used. The first extraction step involved defatting 2 g of flour with 75 mL acetone, stirring the suspension at RT for 2 h, followed by centrifugation for 20 min at 1,000 x *g*. The supernatant was discarded and the pellet dried overnight at RT. 1.5 g (\~ 45 000 units) heat-stable α-amylase was re-suspended in 50 mL Milli-Q water and incubated at 100°C for 30 min to terminate any non α-amylase related exogenous activities \[[@pone.0172034.ref027]\]. The pre-treated α-amylase was mixed with the defatted flour in 100 mL Milli-Q water. The suspension was boiled for 1 h and stirred until the slurry had cooled to RT. 100 mL ethanol was added to precipitate the water soluble β-glucan and the sample stirred at RT for 1 h. After centrifugation for 30 min (2,000 x *g*), the precipitation step was repeated using the supernatant from the previous step. The pellets from both precipitations were re-dissolved in 50 mL of Milli-Q water, combined and heated to 65°C for 40 min. After cooling to RT, the viscous liquid was centrifuged for 1 h at 1,000 x *g* and the supernatant was oven-dried at 80°C for 15 h. The final extract was re-purified by repeating the whole procedure, from α-amylase digestion, a further two times. The amounts of α-amylase and solvents used were adjusted accordingly.

The β-glucan content of the extracts was analysed using the Mixed-Linkage β-Glucan Assay Kit from Megazyme International Ltd., Bray, Co. Wicklow, Ireland, with some modification in order to analyse the high concentration of β-glucan in the preparations produced. The first incubation step at 100°C was prolonged to 2 h. The amount of lichenase used in the next step was doubled, and the mixture incubated at 50°C for 2 h. The reaction solution was mixed with 100 mL of sodium acetate buffer (100 mM with a pH of 4) and stirred for 15 min before being centrifuged. The rest of the procedure was unchanged from that described in the kit. The developed procedure was verified by processing and measuring various samples with known high content of β-glucan. The final extracts used in this study contain 65% (w/w) β-glucan in case of oat and 53% (w/w) β-glucan in case of barley flour extract. The starch content of the extracts was analysed using the Total Starch Assay Procedure Kit, available as well from Megazyme.

PACE (polysaccharide analysis by carbohydrate gel electrophoresis) {#sec005}
------------------------------------------------------------------

To check the quality of the extracted β-glucan and to identify possible impurities, PACE was performed as described elsewhere \[[@pone.0172034.ref028]\]. This method is used, among other applications, for elucidation of structure and characterization of carbohydrates. PACE relies on the migration of fluorophore-labelled mono- and oligosaccharides produced following digestion of a sample with specific glycosyl-hydrolases. The labelled sugars are separated based upon their size and structure. The fact that multiple samples can be run alongside each other on the polyacrylamide gels means that samples are exposed to exactly the same conditions during analysis.

Briefly, 250 μg aliquots of oat and barley extracts were prepared by drying stock solutions *in vacuo* (Savant Inc., Midland, Michigan, USA), they were then re-dissolved in water and digested with either xylanase 11 (4 μl ≈ 21.92 μg) or lichenase (1 μl ≈ 0.35 U) for 16 h at 40°C. The same amount of material was digested with α-amylase (2 μL ≈ 35.9 U) for 30 minutes at 50°C. The total reaction volume for all digestions was 500 μL. The digestion was terminated by boiling the sample for 30 min and samples dried *in vacuo*. Oat and barley fractions were labelled overnight with ANTS as described \[[@pone.0172034.ref028]\], as were xylo-oligosaccharides (Xyl)~1--6~ and α-amylase digested soluble starch. Following labelling, the derivatized sugars were dried *in vacuo* and reconstituted in 200 μL of 3 M urea before running on PACE gels. Digested soluble starch samples were diluted fourfold prior to loading on gel. PACE gels were visualized under UV light using a GelDoc-It TS2 imager (UVP, Jena, Germany) equipped with a GFP emission filter (513--557 nm).

HPAEC-PAD analysis of monosaccharide sugar composition {#sec006}
------------------------------------------------------

HPAEC-PAD (high-performance anion-exchange chromatography equipped with pulse-amperometric detector) enables to study the monosaccharide composition of carbohydrates following acid hydrolysis. The monosaccharide analysis of β-glucan extracts was performed as described by Goubet et al. \[[@pone.0172034.ref029]\]. Briefly, 50 μg of either oat or barley β-glucan extract was incubated for 1 h at 121°C in 400 μl of 2 M TFA. The hydrolysates were lyophilised, re-suspended in water and analysed using a Dionex ICS3000 HPLC equipped with CarboPac PA 20 column (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA).

AF4 analysis equipment and separation parameters {#sec007}
------------------------------------------------

The AF4 instrument used was an Eclipse 3+ Separation System (Wyatt Technology Europe, Dernbach, Germany). The system was connected to a Dawn Heleos II multiangle light scattering (MALS) detector operating at 658 nm and an Optilab T-rEX differential refractive index (dRI) detector (both Wyatt Technology Europe) operating at the same wavelength. The carrier flow was delivered through an Agilent 1100 series isocratic pump with an in-line vacuum degasser and sample injection was via an Agilent 1100 series autosampler (Agilent Technologies, Waldbronn, Germany). To ensure that only particle free carrier liquid entered the system, a filter-holder with a 100 nm pore-size polyvinylidene fluoride (PVDF) membrane (Millipore Corp.) was placed between the pump and the channel inlet. The AF4 channel was a Wyatt long channel with a tip-to-tip length of 27.5 cm and a nominal thickness of 190 μm. The actual thickness was determined to be 156 μm by calibration with ferritin as described previously \[[@pone.0172034.ref030]\]. The ultra-filtration membrane forming the accumulation wall was made of hydrophilized polyethersulphone with a cut-off of 10 kDa (Microdyn-Nadir GmbH, Wiesbaden. Germany). 10 mM NaNO~3~ and 0.02% (w/v) NaN~3~ in Milli-Q water were used as carrier liquid. The samples were prepared at a concentration of 4 mg/ mL by dissolving the extracted β-glucan in the carrier liquid used for elution. The suspension was boiled for 30 min allowing the β-glucan to dissolve. The samples were cooled to RT and filtered through a 22 mm cellulose acetate membrane syringe filter with a 0.45 μm pore size (VWR International) prior to injection onto the channel. The sample was injected at 0.2 mL/ min for 4 minutes. The injected volume was 40 μl for oat and 80 μl for barley, corresponding to an injected mass of 160 μg and 320 μg, respectively. A focusing/ relaxation step of 5 min was performed prior to elution with a focusing flow rate of 0.5 mL/ min resulting in a void time (t^0^) of 9 min. The initial cross-flow rate during elution was 1 mL/ min followed by an exponential decay with a half-life of 4.5 min in order to avoid excessive retention and elution times. After elution, the AF4 channel was flushed without any cross-flow for 5 min to ensure a clean channel before analysis of the next sample. During the whole measurement the detector flow rate was kept constant at 0.5 mL/ min.

Fluorescence measurements {#sec008}
-------------------------

The use of fluorescence detector enabled detection of both β-glucan and possible peptide residues through specific labelling of the purified β-glucan samples. A Jasco FP-1520 fluorescence detector (Jasco Inc., Easton, Maryland, USA) operating an Ushio Xenon Short Arc lamp (Ushio Inc., Tokyo, Japan) was used. Extracts were labelled in-line, post-channel with Calcofluor to detect β-glucan or pre-injection with EDAC to label peptide bonds, and analysed using the aforementioned AF4-MALS-FL set-up. For Calcofluor labelling of β-glucan, the method described by Ulmius, Önning, & Nilsson \[[@pone.0172034.ref025]\] was adopted, using a 25 mg/ L Calcofluor solution in 0.1 M tris(hydroxymethyl)-aminomethane buffer (pH 8), measuring the emission at λ~em~ = 445 nm (λ~ex~ = 415 nm). For labelling of possible proteinaceous matter in β-glucan extracts, the procedure described in \[[@pone.0172034.ref031]\] was adopted, with minor modification in that the labelling agent was diluted 1 in 10. Thus, 1 mM solution of EDAC in Milli-Q water was mixed for 3 hours with 1 mM solution of 7-methoxycoumarin-3-carboxylic acid in two parts of Milli-Q water and one part of DMSO to enhance the solubility. After mixing, the labelling solution was added to an already dissolved β-glucan sample in 1:1 ratio (v/v), stirred for 1 h and immediately injected onto the AF4 channel. The wavelengths used for detection of possible proteinaceous matter were λ~ex~ = 336 nm and λ~em~ = 402 nm.

Elemental analysis {#sec009}
------------------

To measure the total protein content and other peptides that are possibly not associated with β-glucan, the extracts were analysed using Flash EA1112 elemental analyzer from Thermo Fisher Scientific, Delft, the Netherlands. The system uses the Flash Dynamic Combustion method, where complete combustion of the sample is reached through heating to 1000°C, and subsequently followed by determination of the produced elemental gases, in this case nitrogen from proteinaceous matter. Aspartic acid at three different concentrations was used to calibrate the instrument. The percentage of protein per sample (w/w) was estimated by multiplying the nitrogen content by a 6.25 nitrogen-to-protein conversion factor. The elemental analyzer has sensitivity down to 100 PPM.

Data processing {#sec010}
---------------

Astra software in version 5.3.4.14 (Wyatt Technology Europe, Dernbach, Germany) was used to process the data obtained from the FL, MALS and dRI detectors following AF4 separation. M and root-mean-square radii (r~rms~) were calculated using the Berry method \[[@pone.0172034.ref032],[@pone.0172034.ref033]\] performing a 1^st^ order fitting with the data obtained from the scattering detectors 9--14 (respective scattering angles: 69.3° - 121.2°). Lower and higher scattering angles were excluded as they did not correspond to the plot. The RI increment (d*n*/d*c*) used was 0.146 mL/ g as defined for β-glucan in aqueous solutions \[[@pone.0172034.ref034]\] whereas the second virial coefficient A~2~ was neglected.

Results and discussion {#sec011}
======================

The β-glucan extracts were analysed for chemical composition using a commercial kit (enzymatic β-glucan determination), PACE and HPAEC-PAD. AF4-MALS-dRI was used to obtain fundamental information regarding β-glucan structure such as M and r~rms~ distributions. Additional AF4-MALS-FL experiments were performed on the extracts to identify β-glucan, any possible polysaccharide-protein interactions and protein contaminations in the β-glucan fractograms.

An oat β-glucan extract of 65% (w/w) purity and barley β-glucan extract of 53% (w/w) purity were prepared. These obtained purities should be recognized as good bearing in mind the mild extraction conditions and methodology designed to retain the natural structure of the extracted polymers. Extraction methods using more extreme conditions, for example protease and alkali treatments, resulted in 57% (w/w) purity for oats \[[@pone.0172034.ref035]\], and up to 90% (w/w) purity \[[@pone.0172034.ref036]\] for barley extracts using acidic conditions (pH 4). Immerstrand et al. \[[@pone.0172034.ref035]\] also mentioned a potential influence of the geographical origin and growing conditions of the starting material on the gained extraction purities and yields when using the same extraction method. Extraction yields for similar conditions as in the present paper could not be found in literature.

The amount of starting material was 2 g of oat or barley flour of which 28% and 24% is known to be β-glucan. The theoretical maximum yield would therefore be 560 mg and 480 mg, respectively. Our yields were around 200 mg for oat with purity of 65% which leads to 130 mg of β-glucan, and 180 mg for barley with purity of 53%, leading to 95 mg of β-glucan. Therefore, in this study, the extraction efficiency is around 23% of total available β-glucan for oat and 20% for barley.

The PACE gels of enzymatically digested oat and barley extracts with specific glycosyl-hydrolases are shown in [Fig 1](#pone.0172034.g001){ref-type="fig"}. Xylose to xylo-hexose standards (Xyl)~1-6~ (labelled as 'std') and α-amylase digested soluble starch (labelled as 'S') were run alongside other digests to identify the main impurities present in oat and barley β-glucan extracts. 'b' are blanks; these samples were incubated with no addition of glycosyl-hydrolases. Even without digestion steps (lanes labelled 'b') small oligosaccharides are present, some of which co-incide with oligosaccharides released by amylase (A), indicating some remaining starch in the oat and barley preparations. 'X' indicates a sample digested with xylanase 11 showing (arabino)xylan-derived oligosaccharides and 'L' refers to samples digested with lichenase showing β-(1,3)(1,4)-glucan related oligosaccharides. The position and the intensity of the labelled sugars/ bands are similar for both oat and barley extracts, although there is clearly more G3 oligosaccharide present in barley than in oats and there are higher DP glucan oligosaccharides present in the oat digest. Mixed-linkage glucan oligosaccharides are marked with blue asterisks in [Fig 1](#pone.0172034.g001){ref-type="fig"}. 'A' is the sample digested with α-amylase, showing starch related impurities in the oat and barley extracts.

![PACE gel.\
PACE gel showing extracted oat and barley mixed-linkage β-glucan, fingerprinted with specific glycosylhydrolases ('A'--with α-amylase to analyse starch related impurities; 'L'--with lichenase to analyse the presence and relative quantity of extracted β-glucan; 'X'--with xylanase 11 to analyse xylan related impurities and 'b'--background, non-digested sample) and their separation based on size and structure after derivatization with ANTS. 'S' shows starch sample digested with α-amylase and 'std' shows (Xyl)~1-6~ standards used for oligosaccharides identification. Bands marked with blue asterisks are mixed-linkage β-glucan specific oligosaccharides DP ≥ 3. Xyl~1~ --xylose, Xyl~2~ --xylobiose, Xyl~3~ --xylotriose, Xyl~4~ --xylotetraose, Xyl~5~---Xylopentaose, Xyl~6~ --Xylohexaose. Shorter oligosaccharides migrate further in the polyacrylamide gel.](pone.0172034.g001){#pone.0172034.g001}

To obtain additional information of the extracts' purity, HPAEC-PAD analysis of monosaccharide sugar composition was performed. The results are summarized in [Table 1](#pone.0172034.t001){ref-type="table"}. On a dry weight basis, 92.16% (w/w) of the hydrolyzed oat extract is glucose while for the hydrolyzed barley extract the glucose content is 72.07% (w/w). In order to compare these values with the β-glucan content obtained using the commercially available β-glucan assay kit, from which values of 65% and 53% (w/w) for oat and barley, respectively, were obtained, the values need to be recalculated to correct for the difference in M (i.e. glucose: 180 g/ mol and glucose pyranosyl unit in a β-glucan chain: 162 g/ mol). Thus, a correction factor (162 \[g/ mol\]/180 \[g/ mol\]) needs to be multiplied with the glucose content in order to estimate how much of that glucose originates from β-glucan. The results show that approximately 17% (oat) and 12% (barley) of glucose does not come from β-glucan. The starch content of the samples was determined to be 11% (w/w) each in both extracts using a commercial starch assay kit (Megazyme).

10.1371/journal.pone.0172034.t001

###### Summary of characterization of the β-glucan extracts from oat and barley.

The table includes purity and composition values, weight-average molar mass, average r~rms~ and mass recovery from the AF4 channel.

![](pone.0172034.t001){#pone.0172034.t001g}

  β-glucan source   β-glucan content \[%(w/w)\]   Starch content \[%(w/w)\]   content in extracts \[%(w/w) of dry mass\]   M~w~ \[g/mol\][^a^](#t001fn001){ref-type="table-fn"}   r~rms~ \[nm\][^b^](#t001fn002){ref-type="table-fn"}   Mass recovery \[%\][^c^](#t001fn003){ref-type="table-fn"}                                   
  ----------------- ----------------------------- --------------------------- -------------------------------------------- ------------------------------------------------------ ----------------------------------------------------- ----------------------------------------------------------- ------- ------ ----------- ---- ----
  oat               65                            11                          92.16                                        0.72                                                   0.44                                                  0.22                                                        0.40    0.12   5.6·10^6^   96   72
  barley            53                            11                          72.07                                        1.49                                                   0.40                                                  0.69                                                        \-\--   0.06   2.4·10^6^   82   98

^a^ Weight-average molar mass

^b^ z-average

^c^ from the FFF channel, recovery of total injected mass, measured mass (integrated dRI-signal representing the concentration over the fractogram) / injected mass

The origin of the remaining glucose is most likely related to various dextrins originating from degradation of starch during the extraction. Hydrolysis of starch by α-amylase can result in various oligosaccharides and dextrins of which the composition depends on the substrate and the specific α-amylase utilized \[[@pone.0172034.ref037]\]. The solubility of these enzymatic products is relatively low in ethanol \[[@pone.0172034.ref038],[@pone.0172034.ref039]\] and they may precipitate with the β-glucan during the extraction. The results from PACE analysis also indicate this. Other non-glucose monosaccharides were found in very small quantities in the hydrolyzed oat and barley extracts (e.g. xylose, arabinose, mannose and galactose). Rhamnose and galacturonic acid were not detected in any sample. Hence, the main impurities of the extracted samples, not being starch, are other water soluble polysaccharides or sugar residues, coming from other cereal polysaccharides and hemicelluloses e. g. glucomannans, arabinoxylans and starch dextrins in the endosperm or the cell walls of the oat and barley grains.

For further characterization of the β-glucan structure, AF4-MALS-dRI was utilized. Prior to the injection of the sample onto the AF4-channel, the prepared samples were filtered through a 0.45 μm pore size syringe filter with a cellulose acetate membrane. Sample filtering did not have any significant influence on the results but improved the signal-to-noise ratio as shown in [Fig 2](#pone.0172034.g002){ref-type="fig"}. These measurements were performed as pre-experiments and the flow conditions were different, resulting in different elution times compared to subsequent experiments reported in this study. The fractogram shows Rayleigh ratio signal (intensity of the scattered light) from the MALS detector and the dRI signal representing the concentration over the elution time as well as the calculated distribution for r~rms~. The MALS and dRI signals were normalized against the peak maxima. The results ([Fig 2](#pone.0172034.g002){ref-type="fig"}) show that the signals and size distributions remain similar with a mass recovery from the AF4 channel of 99% for the non-filtered and 96% for the filtered sample.

![Fractogram of the β-glucan extract from oat, non-filtered and filtered sample.\
The signals are: grey solid line---Rayleigh ratio from MALS (a.u., 69.3° - 121.2°) from non-filtered sample, black solid line---Rayleigh ratio from MALS (a.u., 69.3° - 121.2°) from filtered sample, grey dashed line---dRI signal (a.u.) from non-filtered sample, black dashed line---dRI signal (a.u.) from filtered sample, grey crosses---r~rms~ of non-filtered sample, black crosses---r~rms~ of filtered sample. Channel and flow conditions as described in Materials and Methods, part e, except: initial cross-flow of 0.5 mL/ min with an exponential decay with half-life of 2 min, t^0^ = 6.5 min.](pone.0172034.g002){#pone.0172034.g002}

It is also evident that the noise in the determined r~rms~ distribution is considerably lower in the filtered sample, especially for sizes below 60 nm. The higher noise in the non-filtered sample is most likely originating from very low amounts of very large analytes which co-elute in the steric/ hyperlayer mode of AF4 \[[@pone.0172034.ref040]\]. The presence of even very low amounts of large species may give rise to noisy MALS signals impairing the size determination \[[@pone.0172034.ref041],[@pone.0172034.ref042]\].

The plots in Figs [3](#pone.0172034.g003){ref-type="fig"} and [4](#pone.0172034.g004){ref-type="fig"} display fractionation of the extracts as described for [Fig 2](#pone.0172034.g002){ref-type="fig"}, including the additional calculated distribution for the weight-average molar mass, M~w~. It can be seen that the extracts are polydisperse samples with high M fractions. For oat ([Fig 3](#pone.0172034.g003){ref-type="fig"}), M~w~ ranges between 10^5^--10^8^ g/mol, the r~rms~ ranges between 50 and 120 nm. For barley ([Fig 4](#pone.0172034.g004){ref-type="fig"}) the values are in the same range for M~w~ but have a rather wider range of r~rms~ (20 to 140 nm). Mean values for M~w~ and r~rms~ for both extracts as well as their respective mass recoveries from the AF4 separation channel are summarized in [Table 1](#pone.0172034.t001){ref-type="table"}. These results show that oat β-glucan is larger than the barley β-glucan which is in agreement with earlier findings i.e. by Beer, Wood, & Weisz \[[@pone.0172034.ref043]\] and Ahmad, Anjum, Zahoor, Nawaz, & Dilshad \[[@pone.0172034.ref044]\]. The differential M distribution of the extracts, shown in [Fig 5](#pone.0172034.g005){ref-type="fig"}, also indicates barley β-glucan as smaller compared to oat β-glucan and that both extracts contain high M species.

![Fractogram of the β-glucan extract from oat.\
The signals are: black line---Rayleigh ratio from MALS (a.u., 69.3° - 121.2°), grey line---dRI signal (a.u.), grey triangles---molar mass distribution \[g/mol\], black crosses---r~rms~ distribution \[nm\].](pone.0172034.g003){#pone.0172034.g003}

![Fractogram of the β-glucan extract from barley.\
The signals are: black line---Rayleigh ratio from MALS (a.u., 69.3° - 121.2°), grey line---dRI signal (a.u.), grey triangles---molar mass distribution \[g/mol\], black crosses---r~rms~ distribution \[nm\].](pone.0172034.g004){#pone.0172034.g004}

![Differential molar mass fraction of the extracts.\
The colors denote: black---oat, grey---barley.](pone.0172034.g005){#pone.0172034.g005}

Utilizing AF4 in combination with FL detection, β-glucan could be successfully labelled and made visible in the fractograms. The results of combining the AF4-MALS with selective FL labelling of the β-glucan can be seen in [Fig 6](#pone.0172034.g006){ref-type="fig"} for oat and [Fig 7](#pone.0172034.g007){ref-type="fig"} for barley. The signals were normalized against the peak maxima. A short delay in the elution times compared to the AF4-MALS-dRI was observed owing to different tubing configuration to allow the in-line labelling procedure. The β-glucan in the extracts have been selectively labelled with Calcofluor and detected at a wavelength of λ~em~ = 445 nm.

![Fluorescence-fractogram of the β-glucan extract from oat.\
The colors denote: black---Rayleigh ratio from MALS (a.u.), grey---fluorescence signal of in-line Calcofluor-labelled β-glucan at λ~em~ = 445 nm (a.u.).](pone.0172034.g006){#pone.0172034.g006}

![Fluorescence-fractogram of the β-glucan extract from barley.\
The colors denote: black---Rayleigh ratio from MALS (a.u.), grey---fluorescence signal of in-line Calcofluor-labelled β-glucan at λ~em~ = 445 nm (a.u.).](pone.0172034.g007){#pone.0172034.g007}

The results show the presence of β-glucan over the entire size distribution for oat β-glucan ([Fig 6](#pone.0172034.g006){ref-type="fig"}) while the late eluting analytes (retention time \>25 min) in the barley β-glucan ([Fig 7](#pone.0172034.g007){ref-type="fig"}) sample appear to consist of low amounts of β-glucan or no β-glucan at all. The interpretation of Calcofluor labelled β-glucan data has some limitations as low M β-glucan (M~w~ approx. 4·10^4^ g/ mol) tends to yield a lower signal intensity which for the low M analytes is also dependent on the ionic strength \[[@pone.0172034.ref045]\]. This might lead to underestimation of the content of low M β-glucan in the sample. For the late eluting analytes the low or non-existent FL-signal also coincides with a low dRI-signal (i.e. low concentration of analytes) in Figs [3](#pone.0172034.g003){ref-type="fig"} and [4](#pone.0172034.g004){ref-type="fig"} making it unclear whether the β-glucan content is lower or it is just a consequence of the very low analyte concentration. HPAEC-PAD showed xylose and arabinose, which are products of arabinoxylan hydrolysis, in small amounts ([Table 1](#pone.0172034.t001){ref-type="table"}) when compared to data available in literature \[[@pone.0172034.ref046]\]. It is possible that the late eluting analytes (\>25 min) in the barley extract are traces of very large size arabinoxylan species present at very low concentration and with no FL-signal but with distinct MALS-signal (Figs [3](#pone.0172034.g003){ref-type="fig"} and [7](#pone.0172034.g007){ref-type="fig"}). These are also apparent in xylanase 11 digests of barley extract run on PACE gels ([Fig 1](#pone.0172034.g001){ref-type="fig"}). However, it is not possible to be conclusive that this is the case based on the results obtained.

Since a presence of protein in the β-glucan system would play an important role in formation of aggregates and could contribute to the claimed health benefits of β-glucan both extracts were analysed for protein content using two different approaches: AF4-MALS-FL (with pre-injection fluorescent labelling) and total N content determination through elemental analysis. AF4-MALS-FL did not show the presence of any proteinaceous moieties in either extracts (data not shown). Similarly, the elemental analysis showed no detectable amounts of nitrogen/protein (detection limit approx. 100 PPM). Although using an extraction procedure with mild conditions we found no evidence supporting the hypothesis of proteinaceous matter bound or creating a complex or aggregate with oat or barley β-glucan.

Conclusion {#sec012}
==========

Mild extraction conditions were used to isolate β-glucan from oat and barley flour without modifying their original structure. The method gave β-glucan of good yield and purity. The main impurities are starch and possible starch degradation products and trace amounts of arabinose, xylose, mannose, galactose and fucose. The extracts contained β-glucan of high M~w~ (10^5^--10^8^ g/ mol) and large size (r~rms~ from 20 to 120 nm for oat, up to 140 nm for barley). Furthermore, the extracts were analysed for possible proteinaceous moieties in the β-glucan. There were no covalently bound proteins found in the β-glucan extracts produced by the method described and therefore this study does not strengthen the hypothesis of covalently bound proteins to β-glucan. Hence, the suggested importance of proteinaceous moieties for the functionality of β-glucan and their beneficial health effects cannot be supported.

Cristina Teixera, Centrum för preventiv livsmedelsforskning/Food for Health Science Centre at Lund University, Lund, Sweden, is acknowledged for the nitrogen determination with the elemental analyzer. Dr. Matilda Ulmius Storm, SOLVE Research & Consultancy AB, Lund, Sweden is acknowledged for fruitful discussions.

AF4

:   asymmetric flow field-flow fractionation

ANTS

:   8-aminonaphtalene-1,3,6-trisulphonic acid

BSA

:   bovine serum albumin

DP

:   degree of polymerization

dRI

:   differential refractive index

EDAC

:   1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

HPAEC-PAD

:   high-performance anion-exchange chromatography equipped with pulse-amperometric detector

MALS

:   multiangle light scattering

M

:   molar mass

M~w~

:   weight-average molar mass

N

:   nitrogen

PACE

:   polysaccharide analysis by carbohydrate gel electrophoresis

r~rms~

:   root-mean-square radius

RT

:   room temperature, 20°C

t^0^

:   void time

TEMED

:   N,N,N′,N′---tetramethylethylenediamine

TFA

:   tetrafluoro amide

(Xyl)~1--6~

:   xylo-oligosaccharides, DP 1--6
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